We demonstrate a compact 20 Hz repetition-rate mid-IR OPCPA system operating at a central wavelength of 3900 nm with the tail-to-tail spectrum extending over 600 nm and delivering 8 mJ pulses that are compressed to 83 fs (<7 optical cycles). Because of the long optical period (∼13 fs) and a high peak power, the system opens a range of unprecedented opportunities for tabletop ultrafast science and is particularly attractive as a driver for a highly efficient generation of ultrafast coherent x-ray continua for biomolecular and element specific imaging. © 2011 Optical Society of America OCIS codes: 320.7110, 190.4970. Recent progress in theoretical and experimental strong field physics has stimulated the quest for intense midinfrared (MIR) few-cycle driver sources in spite of the lack of laser materials suitable for developing ultrashort pulse lasers and amplifiers in this notoriously difficult spectral region. The challenges of designing such intense MIR sources are offset by numerous advantages, which are especially prominent for the sources of secondary coherent radiation driven with a long optical period light [1] . Several research groups are pursuing the goal of generating coherent kilo-electron-volt (keV) photon-energy x-ray pulses via the mechanism of higher-order harmonic generation (HHG) in atomic gas targets. Recently, theoretical predictions on the λ −5 HHG photon flux scaling and on the extension of the cutoff frequency of the HHG spectrum have been put to the test in a number of experiments that employed IR optical parametric amplifiers (OPA) pumped by Ti:sapphire lasers [1] [2] [3] . Such OPAs operate in the near-infrared (NIR) range of 1:3-2:1 μm. The extension of the OPA output into the MIR range above 3 μm at multi-millijoule pulse energy levels and few-cycle pulse widths faces principal challenges such as the low quantum conversion efficiency of the NIR pump pulse energy into the MIR idler wave, the lack of nonlinear crystals for high-energy few-cycle pulse amplification, the difficulties with the generation of MIR seed light, etc. Microjoule-level ∼100 fs, 3 μm pulses have been produced at 20-100 kHz repetition rates using 1 μm picosecond and femtosecond pump lasers [4] [5] [6] . The objective of this work is to develop an energy and repetition rate scalable system delivering few-cycle pulses in the 3-4 μm range with the energy of several millijoules. The target MIR pulse energy level is backed by theoretical predictions and extrapolated experimental data for shorter wavelengths driver pulses and is required for achieving a phase-matched HHG regime. Phase matching ensures a high keV photon flux despite the unfavorable HHG wavelength scaling at the atomic dipole level.
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The extension of the OPA output into the MIR range above 3 μm at multi-millijoule pulse energy levels and few-cycle pulse widths faces principal challenges such as the low quantum conversion efficiency of the NIR pump pulse energy into the MIR idler wave, the lack of nonlinear crystals for high-energy few-cycle pulse amplification, the difficulties with the generation of MIR seed light, etc. Microjoule-level ∼100 fs, 3 μm pulses have been produced at 20-100 kHz repetition rates using 1 μm picosecond and femtosecond pump lasers [4] [5] [6] . The objective of this work is to develop an energy and repetition rate scalable system delivering few-cycle pulses in the 3-4 μm range with the energy of several millijoules. The target MIR pulse energy level is backed by theoretical predictions and extrapolated experimental data for shorter wavelengths driver pulses and is required for achieving a phase-matched HHG regime. Phase matching ensures a high keV photon flux despite the unfavorable HHG wavelength scaling at the atomic dipole level.
During recent years, the generation of NIR millijoulelevel femtosecond pulses at 1:5 μm in Type-II KTA/KTP (RTP) crystals pumped by picosecond Nd lasers and exploiting chirped pulse optical parametric amplification (OPCPA) of a signal wave have been reported [7] [8] [9] . In this Letter, we utilize the 3:9 μm idler wave and report on the implementation of a collinear OPCPA scheme that provides a well-managed MIR beam and straightforward 3:9 μm pulse compression with a diffraction grating pair. Figure 1 presents our hybrid femtosecond laser chirped pulse amplification (CPA) and picosecond OPC-PA scheme for the generation of few-cycle 8 mJ idler wave pulses at the center wavelength of 3:9 μm. The front end of the system is a home-built, room-temperature 190 fs Yb:CaF 2 CPA amplifier driving three cascades of a white-light (WL) seeded optical parametric amplifier (fs KTP OPA) at the repetition rate of 0:5 kHz. A 2 μJ portion of the pump light is used for WL generation in a 6 mm long, uncoated YAG crystal, which provides higher spectral brightness in the vicinity of 1500 nm as compared to 10 mm long sapphire or 6 mm long CaF 2 crystals, typically used for WL generation in the UV visible spectral region (see Fig. 2 ). The generated WL seed is amplified in three subsequent OPA stages based on KTP crystals which are pumped by 190 fs, 1030 nm pulses. The output energy in the signal wave after the last OPA stage is 65 μJ. The bandwidth and the energy of the OPCPA idler pulses at 3:9 μm sensitively depends on the optimization of the femtosecond KTP OPA. Therefore, the spectrum of the OPCPA seed pulses is preshaped by a slight detuning of the KTP phase-matching angles and adjustment of pump pulse delays in the successive OPA stages, as shown in Fig. 2 .
The pump laser for the OPCPA is a flash-lamp pumped Nd:YAG system based on a regenerative amplifier and two booster amplifiers. Both Yb and Nd pump lasers are optically synchronized by a common Yb:KGW seed oscillator (Light Conversion). A volume Bragg grating with a 50 pm wide reflection bandwidth at 1064 nm (OptiGrate Corp.) intercepts the beam at the input of the Yb amplifier stretcher and directs the 1064 nm seed component into the Nd:YAG regenerative amplifier. To limit further nonlinear pulse spectrum broadening in the Nd:YAG system, a fused silica etalon is installed in the regenerative amplifier cavity. The 20 Hz Nd system produces 70 ps pulses with energies above 250 mJ. The flattop mode of the 1064 nm beam at the output of the ∅10 mm Nd:YAG rod in the pump booster is relayreimaged with the use of evacuated Brewster windowed cells onto the two KTA crystals of the OPCPA stages, resulting in ∅4 and 5 mm pump beam spots, respectively, on the input crystal faces.
The OPCPA consists of two stages based on 10 mm long KTA crystals, which are transparent at around 4 μm, and are suitable for amplification of a 1:46 μm signal wave while being pumped at 1064 nm. To reduce the risk of optical coating damage by MIR pulses, the final-stage crystal features uncoated Brewster cut faces that provide high transmission for p-polarized pump and idler waves and attenuate the s-polarized signal wave at 1:46 μm. A small angular dispersion acquired by the signal pulse at the crystal entrance due to the Brewster angle incidence is transferred to the idler pulse during amplification; however, it amounts to as little as 0:02°w hich is comparable with the diffraction limited divergence of the 3:9 μm beam.
The OPCPA is seeded at the NIR signal wavelength. Although this scheme opts out passive carrier envelope phase (CEP) stability, it significantly simplifies the design and alignment of the OPA and OPCPA stages, permitting the employment of conventional NIR optics and beam visualization equipment throughout the system up to the last OPCPA stage.
Because of the signal and idler phase conjugation, the stretching of the signal NIR seed pulses and the compression of the MIR idler pulses are both performed by negative dispersion grating pairs. Brewster angled LAK16A prisms are installed in the signal pulse stretcher in front of the diffraction gratings, forming a grism pair, in order to correct even-order dispersion terms of the idler grating compressor. The actual ray tracing of the grism pair stretcher and a frequency-resolved cross-correlation (X-FROG) characterization of the stretched pulse are presented in Fig. 3 . In order to introduce the needed amount of the third-order dispersion, the prisms are aligned 10°off the Brewster incidence. The resultant heavy Fresnel losses reduce the overall double-pass transmission of the grism pair to 8.5%, whereas the throughput of the stretcher based on the 500 l=mm goldcoated grating pair without the prisms was ∼50%.
The OPCPA seed pulse energy remaining after the stretcher and beam guiding optics is 4 μJ. After the first OPCPA stage pumped by 50 mJ, 1064 nm pulses, the 1:46 μm signal wave is amplified to 0:5 mJ and retained for further amplification, whereas the idler pulse is discarded to prevent double seeding of the final amplifier stage. The second OPCPA stage is pumped by up to 175 mJ pulses and produces uncompressed 22 mJ, 1:46 μm and 13 mJ, 3:9 μm pulses. Note that the s-polarized signal wave experiences ∼25% Fresnel losses because of the Brewster angle geometry of the final KTA crystal. The superfluorescence background at the MIR idler frequency is negligible and was immeasurable even with the WL seed blocked in front of the three OPA cascades. The energy stability of the 3:9 μm pulse is 7.2% (standard deviation over 5000 shots) and is caused by the fluctuations of the seed and pump (1.3% and 2.4%, respectively) as well as by pump beam pointing instability. Figure 4 shows the signal and idler spectra after the OPCPA stages. The highest OPCPA efficiency is achieved when the signal is tuned to the wavelength of 1:46 μm, although the corresponding idler spectrum already partially overlaps with the measured absorption spectrum of KTA (shown in Fig. 4 as a dashed curve) . According to our understanding, the frequency dependent absorption possibly acts as a gain equalizing filter, helping to broaden and flatten the idler pulse bandwidth and preventing saturation of the parametric amplifier.
Despite the highly multimode structure of the 1064 nm pump beam and partial absorption in the KTA crystal, the The 3:9 μm pulses were measured by SHG FROG (Fig. 5 ) using a 1 mm thick AgGaS 2 SHG crystal. The retrieved FWHM pulse duration is 83 fs, whereas the transform-limited pulse duration is 70 fs.
Finally, we point out that the developed system can be straightforwardly modified to implement CEP stabilization, which becomes particularly critical for the generation and applications of isolated attosecond x-ray pulses and is necessary to ensure high temporal resolution. To avoid active path length stabilization of the pump and seed arms, the CEP offset-free MIR idler generated in the first WL-seeded OPA stage should be used as the seed for all subsequent OP(CP)A stages. Correspondingly, the MIR pulses should be positively chirped in a conventional Öffner-type stretcher before injecting into the OPCPA, and suitable NIR/MIR dichroic mirrors should replace currently used reflectors.
In conclusion, we have demonstrated the first, to our knowledge, multi-millijoule, few-cycle 0:1 TW level MIR source. The practical long wavelength limit for KTA is represented by 3:9 μm, because it is close to the rolloff wavelength of the IR transmission. A particular advantage of the source is that the emitted wavelength is in the transparency window of the atmosphere, and nitrogen/vacuum is not required to transport the beams. The potential of the 3:9 μm source has been demonstrated by the generation of bright, coherent x rays at photon energies >1:6 keV in a high-pressure He gas cell [10] . 
